( . 60% during the postmoult and intermoult stages of the Zoea I moult cycle), but decreased during the later stages (down to # 30% in premoult). An inverse pattern of C partitioning was observed at # 20‰, with initially low K values ( # 21% during the first 2 days of the moult 2 cycle), and a later increase (up to $ 46% in premoult). Thus, larval growth was initially suppressed under conditions of reduced salinity, but this was later (during premoult) partially compensated for by an increase in C assimilation and K . Our observations indicate that Zoea I 2 shore crab larvae react during the late stages of their moulting cycle less sensitively against reduced salinities than during postmoult and intermoult. This suggests that the transition between moult cycle stages C and D may be a critical point for effects of hypo-osmotic stress, similarly as 0 already known in relation to effects of nutritional stress. Negative effects were found also when
Introduction
The common shore crab, Carcinus maenas L., is widely distributed on both sides of the North Atlantic Ocean, where it is found on a variety of soft and hard substrates, both in the intertidal and subtidal zones (Christiansen, 1969; Williams, 1984) . Its life history was reviewed by Broekhuysen (1936) , Crothers (1967) , (1968) , and Berill (1982) . C. maenas has been introduced to Australia (Zeidler, 1978) , recently also to California, where it seems to spread rapidly (Cohen et al., 1995; Grosholz and Ruiz, 1995) . As an opportunistic and very euryhaline species, it is a typical inhabitant not only of coastal environments, but also of brackish inland waters such as the Dutch estuaries (Wolff and Sandee, 1971 ) and the western Baltic Sea (Poulsen, 1922) . While adult crabs can live over extended periods in water with down to about 6‰ salinity, reproduction, embryogenesis, and larval development of this species require much higher salt concentrations (Green, 1968; Kinne, 1971; Nagaraj, 1993) .
The minimum salinity for successful egg development is in general believed to be above 20‰ (Barnes, 1994) , according to Broekhuysen (1936) even above 26‰. Rasmussen (1959) observed that ovigerous females tended to remain in the lower parts of Danish estuaries, which corroborates the hypothesis that hatching of C. maenas larvae takes place in waters with relatively high salt concentrations. On the other hand, however, ovigerous females are commonly found in Kiel Fjord, western Baltic Sea, where near-bottom salinities vary between 15 and 26‰, and freshly hatched larvae are seasonally abundant in the surface plankton at average salinities of about 15‰ (range, 9-26‰; Kandler, 1959 Kandler, , 1961 . In recent laboratory experiments, we incubated ovigerous North Sea crabs from Helgoland in water with 20 and 15‰ salinity, and the eggs developed successfully from early embryonic stages to hatching, although with high mortality at 15‰ (Seidler and Anger, unpubl. data) . Hence, the limits for embryonic development and egg hatching in C. maenas are probably lower than generally presumed, and shore crab larvae may hatch in brackish estuaries, where they are likelÿ to be exposed to poly-or mesohaline conditions (cf. Kandler, 1961) .
The larval development of C. maenas comprises four zoeal stages and a megalopa (Rice and Ingle, 1975) , and each of these instars passes through five major stages (A-E) and several substages of the moulting cycle (Anger, 1983; Stevenson, 1985) . Dawirs et al. (1986) described changes in daily larval growth rate during development in seawater (ca. 32‰) at different temperatures. According to this paper, larval development takes, at an average summer temperature of 188C, about 4-5 days in each of the zoeal instars and 12 days in the megalopa. In the present investigation, we studied effects of reduced salinities on survival, development, metabolism, and growth in early shore crab larvae from Helgoland, North Sea, reared at constant 188C. From this data, a partial carbon budget was derived to detect possible shifts in larval energy partitioning under hypoosmotic stress. A comparative study is planned with C. maenas larvae originating from a Baltic Sea population, which lives permanently in brackish water.
Materials and methods
Female shore crabs (Carcinus maenas) carrying eggs in advanced stages of embryonic development were collected in July and August 1991 and in June 1993 from the rocky intertidal zone of the island of Helgoland (North Sea). They were maintained in flow-through laboratory aquaria at ambient temperatures and salinities (ca. 16-188C; 32‰), until larvae hatched a few days later. In the 1991 experiments, freshly hatched larvae were transferred to four different test salinities (15, 20, 25, and 32‰) , where their survival and development was monitored during all four zoeal stages. The transference to 25‰ was direct, that to lower salinities allowed for an acclimation in steps of 5‰ and 3 h intervals. Foskett (1977) and Charmantier and Charmantier-Daures (1991) had shown that an acclimation time of 1-2 h is sufficient for decapod larvae to reach a constant haemolymph concentration. Reduced salinities were obtained by dilution of 1-mm filtered sea water (32‰) with desalinated water. Salinities were checked with ä hand refractometer (Kruss Salinometer S-28) to the nearest 1‰.
In this series of experiments, each treatment was initiated with 100 individuals. The larvae were reared in 400-ml glass bowls at an initial density of 50 individuals per bowl. During daily water change, the larvae were fed with freshly hatched Artemia sp. nauplii TM (San Francisco Bay Brand , ca. 10 / ml) and checked for moults or mortality. Freshly moulted individuals were transferred to new marked bowls, so that each rearing vessel contained exclusively larvae with an identical moulting history in each stage (Anger, 1996) . In subsequent developmental stages, larval density was reduced stepwise from 50 to 20 per bowl. All experiments were carried out at a constant temperature of 188C and an artificial 12:12 h light:dark cycle.
Additional mass-cultures were maintained for the study of bioenergetics in the Zoea I. Transference to different salinities, water change, and feeding followed the same procedures as described above. Samples were taken from freshly hatched, 2-, and 4-day old larvae, and their dry weight (W ), carbon (C), nitrogen (N), and hydrogen (H ) contents, as well as respiration rates (R) were measured. W was measured to the nearest 0.1 mg on a Mettler UM3 microbalance, elemental composition (C, N, H ) with a model 1108 Carlo Erba CHN Analyser, applying standard techniques (Anger et al., 1989) . These measurements of larval biomass were made in six replicate samples each, with 50 larvae per replicate analysis.
The determination of metabolic rates (R) was conducted in 60-ml Winkler bottles filled with Millipore-filtered (0.25 mm) water with preadjusted salinities (Tables 1 and 2 ; Anger et al., 1989) . For each measurement, eight replicate experiments (with 40 larvae each) and four replicate controls (without animals) were run. Both the experimental and control bottles were incubated for 15 h, before the decrease of oxygen concentration was measured with a semiautomatic titration Metrohm Dosimat 665 apparatus. Respiration rates were converted to rates of metabolic carbon loss assuming an average respiratory quotient of 0.9 (conversion factor, 0.3375 mg C/mg O ; Anger, 1990) . 2 Another subsample (five larvae) from each treatment was moult-staged microscopically. Integumentary changes were checked in the zoeal telson (for more details see Anger, 1983) . In a simplified classification system, moult-cycle stages A-C (postmoult and intermoult) were considered combined, with a gradual increase in the density of epidermal tissues and in the thickness of the cuticle. The onset of the premoult phase (early premoult, substage D ) was defined by the beginning of epidermal retraction from In the second set of experiments (1993), we simulated a transitory initial exposure to reduced salinity after larval hatching in an estuary. These experiments were restricted to the first zoeal stage. Since our 1991 study had shown that an exposure to 20‰ caused significantly reduced growth, but still allowed for successful development through all zoeal stages, this salinity was chosen to measure the effects of transitory hypo-osmotic stress. Freshly hatched Zoea I larvae were distributed among five experimental treatments, with 50 individuals each: A, continuous rearing in sea water (32‰; control condition); B, exposure to 20‰ only during the first day after hatching, then retransferred to sea water; C, initial exposure to 20‰ for 2 days; D, initial exposure to 20‰ for 3 days; E, continuous rearing at 20‰ (second control condition; experimental design illustrated in Fig. 4c ). From mass cultures (same rearing techniques as above), daily samples of larvae were taken for moult-staging and determinations of W, C, N, H and R.
Statistical analysis of mortality, development, growth, and respiration data followed standard methods (Sokal and Rohlf, 1981; Sachs, 1984) . As goodness-of-fit G-tests showed that our data deviated in some cases from a normal distribution, non-parametric tests were consistently used for their analysis. In contingency tables (mortality data), analysis of multiple data sets as well as pairwise comparisons were carried out with Pearson's log-likelihood test, using a chi-squared statistic. In data sets of development duration, growth, and metabolism, Kruskal-Wallis rank tests (H-tests) were used for multiple comparisons of mean values (non-parametric ANOVA). The Tukey-Kramer HSD ('honestly significant difference') coefficient indicated significantly differing mean values within groups of means; pairwise comparisons were then carried out employing Wilcoxon-Mann-Whitney U-tests. Three levels of statistical significance are distinguished in this paper, with probabilities of error: p , 0.05, , 0.01, or , 0.001 (in graphs indicated by *, **, or ***, respectively).
Results

Continuous exposure to reduced salinities
At 15‰ salinity, the larvae of Carcinus maenas survived for a maximum of 9 days, K. Anger et al. / J. Exp. Mar. Biol. Ecol. 220 (1998) 287 -304 291 without moulting to the Zoea II stage. Microscopical examination revealed that most larvae died either in the transition between moult cycle stages C and D (intermoult-0 early premoult), or when they were approaching ecdysis (late premoult, stages D ). At 3 -4 salinities from 20 to 32‰, the larvae showed initially a euryhaline response, with 100% survival to the second zoeal stage (Fig. 1a) . Development duration in the Zoea I stage, however, lasted at 20‰ significantly longer than at higher salinities (Fig. 1b) . A delay in moulting occurred at 20‰ also in later zoeal stages, accompanied by an increasing cumulative mortality, while no significant differences in rates of survival or development were observed between the 25 and 32‰ treatments (Fig. 1) .
The data of early larval growth and respiration are compiled in Table 1 . Highly significant changes in biomass and metabolic rates were found on different days of development and among different salinity treatments. In growth, these changes were more conspicuous in measurements of dry weight (W ), carbon (C) and hydrogen (H ) than in those of nitrogen (N). Fig. 2a shows, as an example, changes in the C content per individual. As a general trend, the amounts of accumulated C increased significantly with increasing salinity. At both 32 and 25‰, highly significant C growth was observed during the first 2 days of the moult cycle (i.e. in postmoult and early intermoult, stages A-C), while a smaller increase was measured thereafter (in premoult, stage D). This is in contrast to the 20‰ treatment, where no significant increase in the larval C content Table 1 Carcinus maenas, Zoea I: larval dry weight (W ), carbon (C), nitrogen (N), hydrogen (H ), C:N weight ratio, and respiration (R) at four different salinities (15, 20, 25, 32‰) K. Anger et al. / J. Exp. Mar. Biol. Ecol. 220 (1998) was observed during the first half of the Zoea I moult cycle, but during the second half.
The growth pattern at 15‰ was again different: during the first 2 days after hatching, significant C losses took place, followed by an increase thereafter (Fig. 2a) . This final phase of growth, however, was not sufficient to allow for a successful moulting to the Zoea II instar; the larvae died when they approached ecdysis. Changes in individual larval biomass were accompanied by those in the relative elemental composition (Table 1 ). The C:N ratio, which is considered an indicator of the lipid:protein ratio, indicates that the initial loss and subsequent gain in C observed at 15‰ were probably caused by an initial degradation of lipids, followed by a partial restoration. In contrast, the N fraction, which is primarily associated with proteins, remained more stable (Table 1; Fig. 2b ). According to the C:N index, the larvae that were reared at higher salinities showed an inverse pattern, i.e. a particularly fast accumulation of lipids during postmoult and intermoult followed by a period of proportionally decreasing lipid (or increasing protein) contents during premoult (Fig.  2b) .
Immediately after hatching (day 0; Table 1 ), individual respiration rates (R) were maximum in larvae which remained at constant 32‰, the second highest value was measured after transference to the lowest salinity (15‰), and significantly lower figures were observed at intermediate salinities (20, 25‰) . Similar patterns were found at 15 and 32‰, with R decreasing after 2 days of development, and increasing towards the end of the moulting cycle (days 2, 4; Table 1 ). At intermediate salinities (20, 25‰) , in contrast, R increased significantly throughout development in the Zoea I instar. The average level of respiration increased with increasing salinity (Table 1) .
Since larval biomass per individual was initially the same in all four experimental groups, the response pattern in weight-specific metabolic rates (Q ) of freshly hatched When rates of oxygen consumption are converted to respiratory carbon losses (see Section 2), C-specific metabolic rates, R:C, can be calculated (expressed as a percentage of body C respired per day). Developmental and salinity-induced changes in this index of metabolic carbon turnover are depicted in Fig. 2c . Most R:C values ranged from 21 about 6 to 8% of body C respired per day. Maximum figures (ca. 10-11%?day ) were measured in freshly hatched zoeae kept at 32‰, and in premoult (4-day old) Zoea I larvae reared at 25 and 32‰ (Fig. 2c) . While conspicuous developmental changes in metabolic C loss occurred at 25 and 32‰, almost constant values were found at lower salinities (Fig. 2c) .
The data of growth and metabolism (Table 1 , Fig. 2 ) can be integrated over two equally long periods, comprising days 0-2 and 2-4, respectively, to depict developmental differences in carbon partitioning during the first half (stages A-C) and the second half (stages D -D ) of the Zoea I moult cycle (Fig. 3) . These integrated data show, 0 4 more clearly than point measurements of larval biomass and metabolism, the interaction K. Anger et al. / J. Exp. Mar. Biol. Ecol. 220 (1998) between moult-cycle-related (intrinsic) and salinity-related (extrinsic) factors. While highly significant effects of salinity were observed in the first half of the moult cycle (statistical tests: cf. Fig. 2a ), similar rates of biomass increase in all treatments were measured during the second period (Fig. 3a) . Fig. 3b indicates that these patterns of C accumulation or loss, respectively, were not correlated with metabolic C losses (calculated from average R values; Table 1 ). The latter increased during both parts of the moult cycle with increasing salinity and, at all salinities except 15‰, with the time of development. Assuming that no significant excretion of substances other than ammonia occurred in the crab larvae (Anger, 1991) , the sum of growth and respiration (expressed in units of carbon, C, per interval of time; Fig. 3a, b) is an estimate of C assimilation. During days 0-2 of the moult cycle, assimilation increased greatly with increasing salinity, but in the premoult period (days 2-4). In contrast, at salinities #20‰, assimilation was initially low, but increased during premoult. At higher salinities it was maximum in early stages of the moult cycle. These patterns of change correspond, in general, with those in growth, suggesting that variation in growth was primarily a consequence of changing assimilation rates. At 15‰, the initial C losses estimated from larval oxygen consumption amounted to only half the losses that were measured in biomass (Fig. 3a,b) ; this inconsistency in our results will be discussed below.
From the assimilation and growth values, C-based net growth efficiency (K ) can be 2 calculated. Changes in this index of C partitioning show that the depression of larval growth at reduced salinities ( Fig. 3a) was caused not only by a depression of the overall assimilation capacity, but also by a decreasing K (Fig. 3c) . At salinities #20‰, freshly 2 hatched larvae thus assimilated a lesser amount of organic matter from food, and a lower proportion of this was converted to tissue growth. The larvae which survived at salinities #20‰ beyond the intermoult stage, showed later in the moult cycle an increasing assimilation and K . However, this sufficed for only a partial compensation of preceding 2 losses in larval biomass (Fig. 2a) and did not allow for successful development through ecdysis at 15‰.
Transitory exposure to reduced salinities
In our second series of experiments (1993), we exposed freshly hatched Carcinus maenas larvae for differential initial periods to a reduced salinity (20‰). This set of treatments should roughly mimic larval hatching in an estuary, followed by later downstream transport towards the sea (Fig. 4c) . Treatments A and E in this set of experiments were identical with the constant 32 and 20‰ treatments in the first series (1991) . Direct comparison showed that the larvae from the first hatch had, in general, a higher survival rate, but a slower development through the Zoea I stage. The initial biomass and subsequent growth were significantly higher, but average respiration rates were lower in the 1993 hatch (Tables 1 and 2 ). The response to reduced salinity (20‰) was similar in these two hatches, consistently showing signs of osmotic stress. With increasing duration of initial exposure, the survival tended to decrease (Fig. 4a) , while the duration of development to the Zoea II instar increased significantly (Fig. 4b) .
As in the 1991 experiments, significant changes of biomass, chemical composition, and metabolism were found during the time of development in the Zoea I moult cycle, and in response to reduced salinity (Table 2 ). The patterns of growth (described as changes in W, C, N, H per individual during the time of development) were similar as those described by Dawirs et al. (1986) , i.e. with high initial biomass increments in the postmoult and intermoult stages, but constant or decreasing values in later stages of the moult cycle (premoult). The average level of larval biomass was highest at 32‰ (treatment A) and lowest at 20‰ (E), while intermediate figures were observed in treatments with transitory exposure to 20‰ (B-D). As in the 1991 series of experiments, a depression of growth was most conspicuous during the initial phase of the Zoea I moult cycle. Larval biomass increased consistently after re-transfer from 20 to 32‰ as compared with the 20‰ control group (E), but remained significantly lower than at constant 32‰ (Table 2 , treatment A). During the course of development in sea water, significantly increasing respiration rates (R) were measured in the Zoea I, in particular in premoult (Table 2 , treatment A). At 20‰, in contrast, larval oxygen consumption remained low throughout the moult cycle. After re-transfer to 32‰, R increased in treatments B and C, but not after a prolonged exposure to 20‰ ( in group E. As in the 1991 experiments, the data of growth and respiration (Table 2 ) allow for the construction of a partial carbon budget (Fig. 5) . When total C increments during the Zoea I moult cycle (i.e. the differences between initial and final C values, Table 2 ) are compared in different experimental treatments, a reduction of growth by 29 to 38% can be seen in those larvae, which were temporarily or continually exposed to 20‰ as compared with the sea water control group, A (Fig. 5a) . In all treatments, however, there were final biomass losses in late premoult, after having reached a maximum about 4 days after hatching. Hence, total net C increments from the beginning until the end of the Zoea I moult cycle were lower than the maximum growth (Table 2) . When this maximum figure is compared among treatments, the larvae in experiments B-D revealed a reduction in growth by 41 to 53%; a constant exposure to 20‰ (treatment E) caused a reduction by 71% compared with the sea water control.
Again, figures of depressed growth did not coincide with enhanced metabolic losses per individual (R) or per unit of biomass (Q ). Fig. 5b shows that respiratory C losses O 2 were, on average, about 20% lower in treatments B-E as compared with those in experiment A. In consequence, the sum of respiration and growth (assimilation) decreased in all treatments with an exposure to a reduced salinity (B-E). In addition to this reduction in assimilation, the larvae in treatments B-E showed also a reduced net growth efficiency (K ; Fig. 5c ). A continuous exposure to 20‰ caused stronger effects 
Discussion
Our experiments show that shore crab (Carcinus maenas) larvae from a North Sea population respond sensitively against continuous or even short-term transitory exposure to reduced salinities #20‰. Significant decreases were found in the rates of early zoeal survival, development, growth, respiration, and assimilation. Since the rate of oxygen consumption per larva tended to decrease at low salinities, the concurrent depression of larval growth cannot be explained with enhanced metabolic demands under hypoosmotic stress. Rather, this was a consequence of a reduced assimilation capacity; future measurements of larval ingestion rates at different salinities should show whether this was a consequence of decreasing food uptake, decreasing conversion efficiency, or both. As an additional effect, there was a shift in energy partitioning: net growth efficiency (K ) decreased under the influence of reduced salinities. Thus, the larvae not only 2 assimilated less organic matter from ingested food, but also converted a proportionally lesser part of the assimilated matter into tissue growth.
Larval growth was particularly affected by hypo-osmotic stress during the initial phase (postmoult, intermoult) of the Zoea I moult cycle. Those larvae, which survived at 15‰ salinity through the intermoult-premoult transition, were in general able to continue their development until they reached the final stages of premoult (D ). 3 -4 During the second half of the moulting cycle, they were able to accumulate significant amounts of organic matter, although this growth was not sufficient to allow for successful development through ecdysis. The larvae died when they attempted to moult to the second zoeal stage. This response pattern resembles that observed under temporary food limitation: similar to the case of nutritional stress, the transitions between moult cycle stages C and D (the 'D threshold'; Anger, 1987) and between the 0 0 end of premoult and ecdysis (the 'exuviation threshold') may thus be critical points also with respect to hypo-osmotic, and possibly, other kinds of stress. Since insufficient information is available on interactions of intrinsic (e.g. moult-cycle related) and extrinsic factors in crustacean larvae, a closer investigation of such interactions, including differentially sensitive periods of development, should improve our understanding of larval survival under variable ecological conditions during hatching and subsequent transport in the water column. This approach will require increasingly complex experimental designs, especially, when also other environmental key factors such as food availability are considered (e.g. Factor and Dexter, 1993; Harms et al., 1994) . Among the intrinsic factors, the ontogeny of osmoregulation, especially, needs further investigation, i.e. the development of regulatory structures (Hong, 1988; Bouaricha et al., 1994) and endocrine systems (Charmantier et al., 1988; Bouaricha et al., 1991; Charmantier and Charmantier-Daures, 1991) . In our study, larval respiration was in general reduced at low salinities. According to the current understanding of the relationships between osmoregulation and energy metabolism (e.g. Florkin, 1960; Potts and Parry, 1964; Kinne, 1971) , this response suggests a very low or lacking osmoregulatory capacity in early shore crab larvae, at least in those from a North Sea population.
A major discrepancy occurred between our data of growth and respiration at 15‰: initial biomass losses calculated from CHN analyses were about twice as high as the metabolic losses estimated from oxygen consumption (Figs. 3a and b) . This may partly be explained by possible sampling of moribund larvae, which would cause an underestimation of average larval biomass and oxygen consumption. From such errors, an overestimation of the actual losses of body C would result, combined with an underestimation of metabolic losses. As an additional source of error, our estimate of the respiratory quotient (RQ50.9; see Section 2) might be too low; however, this would have only little influence on the calculation of metabolic C losses. As another possible source of error, excretory losses of organic matter, namely amino acids, are conceivable too under conditions of hypo-osmotic stress.
Estuarine crab populations living adjacent to the North Sea or the Atlantic have evolved behavioural mechanisms such as tide-related larval release rhythms (Queiroga et al., 1994) and endogenous vertical tidal migration rhythms (Zeng and Naylor, 1996a,b,c) . Utilising the net outflow of estuarine waters during ebb tides, these mechanisms ensure a rapid export of pelagic larvae to coastal marine waters with higher salinity. In contrast, the larvae of Baltic Sea crabs might have evolved physiological adaptations to low salinity conditions, as tides are practically absent, and there is (compared with lower estuaries) only a slow and irregular outflow of Baltic Sea water towards the North Sea. Comparative studies (Theede, 1969) have shown that adult crabs from the Baltic Sea have a higher capacity of hyper-osmoregulation than conspecifics from the North Sea. This difference is only partially reversible by cross-wise adaptation to higher or lower salinities, suggesting genetic differences. While such intraspecific physiological variation between geographically separated populations (Baltic Sea vs. North Sea; Theede, 1969) or between different colour morphs (McGaw and Naylor, 1992a,b) has been studied in adult C. maenas, nothing is known about possible divergence in the response of larval stages. We thus plan to compare the tolerance of larval shore crab from the Baltic and North Sea after differential adaptation of eggs, thus including effects of non-genetic resistance adaptation during embryonic development (Kinne, 1964 (Kinne, , 1971 .
